Abstract. The atom transfer radical polymerization (ATRP) of phenoxycarbonylmethyl methacrylate (PCMMA) with styrene (St) were performed in bulk at 110°C in the presence of ethyl 2-bromoacetate, cuprous(I)bromide (CuBr), and N,N,N',N",N"-pentamethyldiethyltriamine. Also, a series conventional free-radical polymerization (CFRP) of PCMMA and styrene were carried out in the presence of 2,2'-azobisisobutyronitrile in 1,4-dioxane solvent at 60°C. The structure of homo and copolymers was characterized by IR, 1 H and 13 C-NMR techniques. The composition of the copolymers was calculated by 1 H-NMR spectra. The average-molecular weight of the copolymers were investigated by Gel Permeation Chromatography (GPC). For copolymerization system, their monomer reactivity ratios were obtained by using both Kelen-Tüdõs and Fineman-Ross equations. Thermal analysis measurements of homo-and copolymers prepared CFRP and ATRP methods were measured by TGA-50 and DSC-50. Blends of poly(PCMMA) and poly(St) obtained via ATRP method have been prepared by casting films from dichlorormethane solution. The blends were characterized by differential scanning calorimetry. The initial decomposition temperatures of the resulting copolymers increased with increasing mole fraction of St.
Introduction
Controlled/living vinyl addition polymerization giving a wide range of polymer structures is continuing to receive widespread attention [1] . This allows the controlled synthesis of a range of polymeric structures such as block copolymers, graft copolymers, functional polymes, star polymers [2, 3] . In comparison to the other controlled radical polymerization processes, atom transfer radical polymerizations is mechanistically more complex. Thus, the catalyst reactivity depends on the ligand, the transition metal itself, and the initiating organic halide [4] . So far, copper-based systems seem to be the most efficient [5] when compared to other transition metals such as iron [6] , nicke [7] , ruthenium [8] , rhodium [9] . The counterions are often chloride and bromide, and bromide normally yields higher rates [10] . The majority of studies on living radical polymerization focuses either on hopolymerization or copolymerization [11] . Some works focus on statistical copolymerizations and it is a common practice to evaluate the monomer reactivity ratios of the living radical copolymerization system, and compare the results with the free radical copolymerization analogue [12] . The finding that the reactivity ratios for monomers under living free radical conditions are essentially the same as under normal free radical conditions is also fundamentally important. Thus, random copolymers prepared by living free radical processes are different on a molecular level to those prepared by normal free radical methods, even though they may appear the same on the macroscopic level [13] . There have been several reports on monomer reactivity ratios in ATRP and other transition-metal mediated polymerizations [14, 15] . This study was extended to a series of PCMMA in order to investigate the effect of the increasing molecular weight on monomer reactivity. Similar results were seen as for the amino methacrylates, with higher levels of incorporation into the copolymer in transition metal mediated polymerizations than in free radical polymerizations for all molecular weights [16] . In this work, our investigation concentrates on both the living radical copolymerization and conventional free radical copolymerization of phenoxycarbonylmethyl methacrylate (PCMMA) and styrene (St), the characterization of the resulting copolymers and their the monomer reactivity ratios were determined by both the Kelen-Tüdõs and FinemanRoss procedures. The glass transition and the degradation temperature, and average-molecular weights of copolymers were determined by differential scanning calorimetry (DSC), thermogravimetric analysis (TGA) and Gel Permeation Chromatography (GPC) measurements, respectively. Thermal analysis results are given for comparison purpose with each other for all polymers. Blends of poly(PCMMA) and poly(St) obtained via ATRP method are characterized by differential scanning calorimetry.
Experimental

Materials
Styrene (St) (Aldrich) were distilled under vacuum after washing with 5% NaOH aqueous solution just before copolymerization. Cuprous(I)bromide/ N,N,N',N",N"-pentamethyldiethyltriamine and ethyl 2-bromoacetate as initiator were used as received and phenoxycarbonylmethyl methacrylate was synthesized in our laboratory.
Synthesis of phenoxycarbonylmethyl methacrylate (PCMMA)
Phenoxycarbonylmethyl methacrylate was synthesized by the reaction of phenoxycarbonyl bromomethane with sodium methacrylate by using triethylbenzylammonium chloride (TEBAC) 
Characterization techniques
Infrared spectra were obtained on a Perkin Elmer Spectrum One FT-IR spectrometer. NMR spectra were recorded on a Jeol FX 90Q NMR spectrometer at room temperature in CDCI 3 . Thermogravimetric analysis (TGA) measurements were carried out under a nitrogen flow with a TGA-50 thermobalance at a heating rate of 10°C·min -1 . Gel Permeation Chromatography (GPC) analyses were carried out using a high pressure liquid chromatography pump with Agilent 1100 system equipped with a vacuum degasser, a refractive index detector. The eluting solvent was tetrahydrofurane (THF), the flow rate was 1 ml·min -1 . Calibration was achieved with polystyrene.
Atom transfer radical copolymerization of PCMMA with St
The general procedure for the copolymerization of PCMMA with St of six compositions was as follows: In all cases, predetermined amounts of monomers, ethyl 2-bromoacetate as initiator, N,N,N',N",N"-pentamethyldiethyltriamine as ligand and the calculated amount of CuBr as catalyst were added to a flask. The mixture was first degassed three times and sealed in vacuo. The flask was shaked until the mixture was dissolved, immersed in an oil bath, and heated to the required temperature (at 110°C). After a given time, the flasks were openned and dichloromethane was added to the sample to dissolve the copolymer. The heterogeneous solution was filtered. The copolymers were isolated by precipitation in ethylalcohol and dried under vacuum at 40°C for 24 h. The conversion of the copolymerization was under 15%.
Conventional Free-radical copolymerization of PCMMA with St
Six copolymers of PCMMA with St were prepared in 1,4-dioxane at 60°C in the presence of AIBN. Predetermined amounts of the monomers, AIBN and the solvent were mixed in a polymerization tube. The mixture was degassed about 10 minute with argon and kept in a thermostatted oil bath at 60°C. After desired time, the mixture was cooled to ambient temperature. The copolymers were precipitated into excess ethanol and purified by reprecipitation, and then the copolymers were dried under vacuum at 40 for 24 h.
Preparation of polymer blends
Blend samples of Poly(PCMMA) (M n =50 000) and poly(St) (M n =32 000) -prepared under conditions above mentioned via ATRP method -were prepared by solution casting from dichloromethane at room temperature, and the blends were dried at 40°C for 24 h under vacuum.
Results and discussion
Characterization of polymers
The 1 H-NMR spectrum of poly(PCMMA-co-St) showed signals at 4,62 ppm (OCH 2 CO, 2H) and 6,7-7,35 ppm (aromatic ring protons, 10H) in PCMMA and St units. While the PCMMA units in the copolymer increase from 13 to 73% for copolymer prepared via ATRP, from 12 to 76% for copolymer prepared via conventional free radical polymerization. The FT-IR spectra of the copolymers prepared by conventional free radical polymerization in various feed ratios of PCMMA and St is illustrated in Figure 1 . The FT-IR spectra for copolymers both Atom Transfer Radical and conventional free radical polymerizations showed two ester carbonyl bands at 1781 and 1736 cm -1 , respectively. Also, 13 C-NMR spectrum showed the signals attributed to -CH-of the St unit at 45.6 ppm and the -CH 2 , which is adjacent to ester oxygene in PCMMA unit at 60.0 ppm. The other signals are in a good agreement with structure of copolymer showed in Figure 2 .
Atom transfer random copolymerization of PCMMA and St
The copolymerization of six compositions with PCMMA and St was carried out in presence of Cuprous(I)bromide/N,N,N',N",N"-pentamethyldiethyltriamine as catalyst system and ethyl 2-bromoacetate as initiator at 110°C. The average-number molecular weights and polydispersities were determined by GPC. The decrease in M n values with an increasing molar fraction of PCMMA in the copolymer is propably due to manipulating by the controlled polymerization conversion of St units. In addition, as PCMMA unit increased in the resulting copolymers, PD (M w /M n ) was increased FT-IR spectra of PCMMA-St copolymer system was 1.64<M w /M n <1.87. This sugests that the contribution of chain breaking and transfer as well as termination reactions during copolymerization can be neglected until a higher polymerization conversion, which is similar to the results reported by Zhou et al. [17] . The results are summarized in Table 1 and  Table 2 , respectively. The single GPC profiles of two resulting copolymers for the conventional free radical polymerization, and atom transfer radical polymerization are presented in Figure 3 and 4, respectively.
Calculation of monomer reactivity ratios of PCMMA and St
Conventional free radical polymerization and the atom transfer radical random copolymerization of PCMMA and St initiated by ethyl 2-bromoacetate for various ratios of PCMMA to St has been carried out. Chemoselectivity of PCMMA and St radicals generated in ATRP and conventional free radical polymerization are compared by determining the monomer reactivity ratios. Table 3 shows the influence of the initial molar compositions of the comonomers on those of the comonomers in the copolymers, in both ATR copolymerization and conventional free radical copolymerization. 1 H-NMR spectroscopy has been used extensively to evaluate the microstructure of styrene-metacrylate copolymers. The monomer sequence distribution of these copolymers was also calculated theorotically from the monomer reactivity ratios and compared with the experimental data obtained by 1 H-NMR [18, 19] . In this study, the copolymer compositions were also analyzed with 1 H-NMR spectra. The peaks at 6.6-7.4 ppm correspond to the aromatic protons in PCMMA and St units, the signal centered at 4.7 ppm is assigned to methylene protons, which is adjacent to oxygene in PCMMA units.
The other signals at 1-2.2 ppm are assigned to methylene and methyl in polymer main chain. Thus, the mole fractions of PCMMA and St in the copolymer were determined from the ratio of the integral intensities of aromatic protons of PCMMA in 6.8-7.4 ppm and the methylene protons in PCMMA unit between at 4.7 ppm. The copolymer compositions for ATRP have been calculated from the Equation (1): where m 1 is mole fraction of PCMMA, and m 2 is that of St in copolymer. Similar calculations have been also made for conventional free radical copolymerization. The K-T and F-R parameters were calculated, using data in Table 3 , for both the living radical copolymerization and conventional free radical copolymerization of PCMMA and St, and the results were summarized in Table 4 and Table 5 , respectively. Plots of PCMMA mole fraction in feed vs. PCMMA mole fraction in copolymers, synthesized by ATRP and CFRP, are shown in Figure 5 . These plots exhibit azeotropic points at 0.22 for both CFRP and ATRP.
One of the aims of this work was to determine whether the observed difference in monomer reactivity ratios could be due to monomer coordination to the transition metal used in transition-metal mediated polymerization. It is well known that monomer reactivity ratios can offer the message of 
relative reactivity of comonomers [20] [21] [22] . To estimate the relative reactivity of PCMMA and St in the atom transfer radical polymerization and conventional free radical polymerization, the KelenTüdõs [23] and Fineman-Ross [24] equations were used, which are η = (r 1 + r 2 /α)ξ -r 2 /α and G = r 1 H -r 2 , respectively (Notations in the equations have been described in Table 4 or 5). The plots of G versus H and η versus ξ for both systems were obtained, respectively. From the slope and intercept of the straight line, the monomer reactivity ratios of PCMMA and St were determined and given in Table 6 . Monomer reactivity ratios of PCMMA and St is signifficantly lower than those for ATR and CFR polymerizations by both methods. The results show that the copolymers possess a predominantly random structure in a wide range of monomer feeds. Apparently, the values of monomer reactivity ratios indicate that the growing radicals with PCMMA end were not added at a nearly same rate to PCMMA or St monomers. The r 2 according to K-T and F-R methods shows that the styrene monomer is more reactive than PCMMA toward the poly(PCMMA) radical. Initially, the copolymer sequence will be made richer by the St units and the arrangement will be statistical. The r 1 and r 2 values obtained via both polymerization methods are the similar to that of n-octyl acrylate-styrene copolymer system [25] . For the ATR copolymerization were evaluated through plots of the copolymer compositions (m 1 ) measured from 1 H-NMR as the molar fraction of PCMMA versus the feed compositions measured as the molar fraction of PCMMA (M 1 ). The copolymerization experiments were carried out at different temperatures. It is seen that compositions of copolymers obtained by the two copolymerization techniques are somewhat different from each other. But it can be suggested that random copolymers prepared by living free radical processes are different on a molecular level from those prepared by normal free radical methods. This can be ascribed not to the different nature of the propagating species but to the difference in the time scale of monomer addition or other factors. Thus, in the studies done on copper catalyzed copolymerization of n-alkylmethacrylate and styrene [26, 27] , no signifficant differences were observed in monomer reactivity ratio as well as in monomer sequence between the copper-catalyzed and conventional radical polymerization techniques. The two monomers have a strong tendency to form random copolymer because the value of r 1 ·r 2 is between 0 and 1. For living radical systems all chains are initiated at the same time and grow at approximately the same rate, in the case or conventional free radical polymerization, continous initiation leads to chains initiating and terminating at different stages of the polymerization [28] .
Differential scanning calorimetry (DSC) measurements
The glass transition temperatures of the copolymers of PCMMA and St prepared by ATRP and conventional free radical polymerization were measured by DSC. Representative DSC curves of the copolymers heated at 20°C/min to 200°C were showed in Figure 6 and 7, respectively. The T g values of poly(PCMMA) and poly(St) were measured as 80 and 103°C, respectively. The unique transition observed for PCMMA-St copolymer system prepared by CFRP and ATRP methods corresponds to the glass transition of the soft PCMMA segments and appears at higher temperatures. The feature may be attributed to miscibility of both types of segments. The T g 's of all the copolymers synthesized by CFRP and ATRP methods are also collected in Table 7 . The glass transition temperatures of copolymers measured by depending on an increase of the PCMMA unit are between 75-101°C and 79-96°C, respectively. The plots of the T g values versus mole fraction of PCMMA in the copolymers is shown in Figure 8 . The observed T g 's of the copolymers indicate a slightly negative deviation with respect to linearity that can be associated with a slightly lower free volume. The glass transition temperatures were measured to analyze the phase behavior of poly(PCMMA) and poly(St) homopolymers. The existence of one or more glass transition temperatures is important for discussing whether or not a miscible or immiscible presents one or more phase. It is known that an immiscible blend shows glass transition temperature of each individual polymer, but a miscible blend has only one glass transition temperature. DSC curves of polymer blends prepared in various ratios for comparison purpose were showed in Figure 9 . Each polymer blend prepared in this study showed two separate T g 's, which can be attributed to poly(PCMMA) and poly(St) to give the incompatible blends. While poly(PCMMA), which is one of polymers contains polar ester and apolar alkyl groups, poly(St) contains apolar group. This means that it does not indicate similar kinds of interactions between both polymers. But, most of polymers having these kinds of properties are generally incompatible [29] . 
Thermogravimetric study
The some of thermogravimetric curves obtained from room temperature to 500°C at a heating rate of 10°C/min under nitrogen flow for poly (PCMMA-co-St), and poly(PCMMA)s prepared by ATRP and conventional free radical polymerization were given in Figure 10 for comparison. The decomposition of poly(PCMMA) proceeds in two steps, the first of which is at 270°C. The second stage, that is, more rapid weigth loss is attributed to the degradation reaction by either the side chain decomposition or the random chain scission in the backbone. That of polystyrene synthesized by conventional free radical polymerization occurs in only one step. Also, poly(PCMMA), is more stable thermally than poly(PCMMA) prepared by free radical initiator. The temperatures at which weight loss begins for the PCMMA-St copolymers are somewhat lower than that of poly(St). The thermal stability of copolymer increases with the increasing styrene unit content in the copolymer system. TGA results of the polymers are summarized in Table 8 .
When poly(PCMMA) was heated to 270°C, and then to 320°C, the residual polymer was completely dissolved in most of solvents such as tetrahydrofuran, methylenechloride, chloroform, acetonitrile, 1,4-dioxane and dimethylsulphoxide. This means that poly(PCMMA) heated at least to 320°C is not crosslinked. Thus, during degradation of poly (PCMMA) rupture of an allylic carbon-carbon bond forms two radicals, one tertiary and the other a resonance stabilized allylic radical. Then decomposition of poly(PCMMA) continues by elimination of monomer, the driving force being formation of tertiary radical. The average molecular weight decreased from 50 000 to 39 000. This means that decreases 50 PCMMA units from poly(PCMMA) chain. The residue of poly(PCMMA) heated to 380°C was not dissolved in any solvent. Average molecular weights of residue for polymer heated to 270°C and 320°C were characterized by GPC. They were illustrated in Figure 11 . Although average molecular weight of residues decrease when heated from room temperature to 320°C, polydispersities were expanded considerably from 1.91 to 3.01. This may be a result of elimination of monomer, the side group elimination or the random chain scission in the backbone during the degradation.
Conclusions
Phenoxycarbonylmethyl methacrylate (PCMMA) and styrene (St) were copolymerized by conventional polymerization at 60°C and atom transfer radical polymerization at 110°C in different ratios using AIBN and in the presence of ethyl 2-bromoacetate, cuprous(I)bromide (CuBr), and N,N,N',N",N"-pentamethyldiethyltriamine, respectively. The monomer reactivity ratios were calculated from the feed composition and copolymer composition determined by 1 H-NMR spectroscopy. Their monomer reactivity ratios were determined by the K-T and F-R methods. In this copolymerization system, two monomers have a tendency to form alternatif copolymer. The monomer reactivity ratios of PCMMA-St monomers pair do not vary much (r PCMMA = 0.33; r St = 0.96) by changing polymerization temperature and polymerization method i. e., ATRP and CFRP. The DSC curves of all the copolymers synthesized by CFRP and ATRP methods showed single transition. The glass transition temperatures of copolymers measured by depending on an increase of the PCMMA unit are between 75-101°C and 79-96°C, respectively. In case of poly(PCMMA-co-St) prepared by CFRP and ATRP methods, initial decomposition temperature of copolymers increased with an increasing in St content. While poly(PCMMA) heated to 320°C was dissolved in various solvents, average molecular weight of residue polymer was decreased from 50 000 to 39 000 and polydispersity changed from 1.91 to 3.01. Each polymer blend prepared in this study showed two glass transitions, which can be attributed to the immiscibility of poly(PCMMA) and poly(St) resulting in microphase separation. 
